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The negatively charged nitrogen-vacancy (NV−) center in diamond has realized new frontiers in
quantum technology. Here, the center’s optical and spin resonances are observed under hydrostatic
pressures up to 60 GPa. Our observations motivate powerful new techniques to measure pressure and
image high pressure magnetic and electric phenomena. Additionally, analysis of our observations
provides clear insight into the pressure variation of the center’s electronic orbitals.
PACS numbers: 62.40.±p, 61.72.jn, 76.70.hb
The negatively charged nitrogen-vacancy (NV−) cen-
ter is a remarkable point defect in diamond and is the sys-
tem of choice for a rapidly expanding domain of quantum
technology demonstrations, including information pro-
cessing [1, 2], communications [3, 4] and metrology [5–14].
The NV− center is also particularly rich in physics, how-
ever somewhat surprisingly, many fundamental aspects of
the center remain unresolved (see Ref. 15 for an extensive
review). Indeed, most of center’s applications exploit its
unique combination of long-lived ground state spin co-
herence [16, 17] and optical spin-polarization/ readout
(OSPR) that persist to ambient temperatures and be-
yond [18]. Attainment of a complete understanding of
the latter is particularly important to the optimization
of the NV− center’s applications as well as to the identi-
fication of other useful defects.
Recently, the effects of temperature on the center’s
ground state spin and OSPR mechanism have been in-
vestigated, which enabled the influence of temperature
on existing NV− metrology applications to be character-
ized and new thermometry applications to be proposed
[18–21]. There has been no commensurate investigation
of the effects of pressure. Pressure and uniaxial stress en-
able the lattice and electronic orbitals of the NV− cen-
ter to be manipulated, thus providing probes into the
center’s intriguing coupling of orbital and spin dynam-
ics. Such investigations will complete the characteriza-
tion of NV− metrology under extreme conditions and is
of particular interest to fields such as high pressure su-
perconductivity, magnetic and electric phase transitions
[22–28]. Here, we present the first observations of the
behavior of the ground state spin of the NV− center un-
der hydrostatic pressure. Our observations provide new
insight into the physics of the center, motivate the center
as a pressure sensor and enable an analysis of the center’s
other metrology applications under extreme conditions.
The NV− center is a C3v point defect in diamond con-
sisting of a substitutional nitrogen atom adjacent to a
carbon vacancy that has trapped an additional electron
(refer to figure 1a). As depicted in figure 1b, the one-
electron orbital level structure of the NV− center con-
tains three defect orbital levels (a1, ex and ey) deep
within the diamond bandgap. EPR observations and ab
initio calculations indicate that these defect orbitals are
highly localized to the center [29–32]. Figure 1c shows
the center’s many-electron electronic structure generated
by the occupation of the three defect orbitals by four elec-
trons [33, 34], including the zero phonon line (ZPL) en-
ergies of the optical (1.945 eV/637 nm) [35] and infrared
(1.190 eV/1042 nm) [36–38] transitions. The energy sep-
arations of the spin triplet and singlet levels (3A2 ↔ 1E
and 1A1 ↔ 3E) are unknown.
As depicted in the inset of figure 1c, the ground 3A2
level exhibits a zero field fine structure splitting between
the ms = 0 and ±1 spin sub-levels of D ∼ 2.87 GHz
(room temperature) due to electron spin-spin interaction
[39]. The zero field parameter D and spin quantization
axis are thus determined by the trigonal unpaired elec-
tron spin density distribution of the ground 3A2 level.
Under crystal strain that distorts the trigonal symmetry
of the center, the degeneracy of the ms = ±1 sub-levels
is lifted. The spin-Hamiltonian that describes the 3A2
fine structure is
H = D[S2z − S(S + 1)/3] + E(S2x − S2y) (1)
where E is the strain parameter, the S = 1 spin opera-
tors are dimensionless and the z coordinate axis coincides
with the center’s trigonal symmetry axis (see figure 1a).
The spin of the ground 3A2 level is optically polar-
ized via the combination of optical excitation and spin-
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FIG. 1. (color online) (a) Schematic of the NV center depict-
ing the vacancy (transparent), the nearest neighbor carbon
atoms (gray), the substitutional nitrogen atom (brown), the
next-to-nearest carbon neighbors (white) and the adopted co-
ordinate system (z axis aligned with the trigonal axis of the
center). (b) The NV− one-electron orbital level structure de-
picting the diamond valence and conduction bands and the
three defect orbitals (a1, ex, and ey) within the bandgap. (c)
Schematic of the center’s many-electron electronic structure,
including the optical 1.945 eV and infrared 1.190 eV ZPL
energies. The electronic configurations of the many-electron
levels are indicated in parentheses. Inset: The fine structure
of the ground 3A2 level: at zero field with a single splitting
of D ∼ 2.87 GHz; and in the presence of non-trigonal strain,
with a further strain dependent splitting denoted by E.
selective non-radiative intersystem crossings (ISCs) that
preferentially depopulate the ms = ±1 sub-levels and
populate the ms = 0 sub-level [40]. The ISCs also lead
to spin-dependent optical fluorescence that enable the
ground state spin to be readout and the performance
of ground state optically detected magnetic resonance
(ODMR) [40]. The dark ISCs of the NV− center are yet
to be fully understood and they are currently believed to
be the combined result of spin-orbit coupling of the low-
est energy triplet (3A2,
3E) and singlet (1A1,
1E) levels
and electron-phonon decay [40].
In our experiments, we observed the hydrostatic pres-
sure shift of the optical ZPL and the ground state ODMR
of small ensembles of NV− centers at room temperature
[41]. As depicted in figure 2(a), our experiments were
performed in a diamond anvil cell (DAC) using samples
of type IIa single-crystal CVD diamonds with low nitro-
gen content (< 1 ppm). The shift of the optical ZPL
was measured in NaCl pressure media and detected us-
ing a spectrometer. We measured the ODMR in two
different pressure media: NaCl and Ne. ODMR was per-
formed by optically exciting the NV− centers with 532
nm light and scanning the microwave frequency through
either a current carrying Pt wire embedded in an insu-
lating BN+epoxy gasket or a copper coil wound a few
times around one of the diamond culets. We measured
the pressure in situ using the fluorescence of a small ruby
chip located in the DAC. The pressure calibration from
Ref. 42 was used. The maximum pressure applied was
60 GPa, which was limited by the blue shift of the NV−
ZPL to the 532 nm optical excitation wavelength. A
systematic ODMR temperature shift was avoided in our
experiments by allowing the DAC to come to thermal
equilibrium in the presence of steady microwave excita-
tion at each pressure.
(a) (b)
FIG. 2. (color online) (a) Schematic of the DAC arrangement
used in our experiments. Diamond samples were placed in
the DAC working space together with the hydrostatic pres-
sure medium and a Ruby for pressure measurement. The
diamond culets provide optical access to optically excite (532
nm) and collect the NV− red-shifted fluorescence. ODMR
was performed via microwave excitation provided by a wire
or coil embedded in an insulating gasket or wound around a
culet. (b) Schematic of the proposed design of a diamond chip
containing an NV− array, which is used to switch between
pressure monitoring and wide field imaging of the magnetic
field at the surface of a high pressure superconductor.
Figure 3 depicts selected ODMR spectra and the ob-
served shift of the splitting parameterD. The shift of the
D parameter with pressure P is highly linear and has the
gradient dD(P )/dP = 14.58(6) MHz/GPa. The broad-
ening and splitting of the ODMR line at pressures > 4.5
GPa are results of crystal distortion. At pressures > 4.5
GPa, the Ne pressure medium freezes at room temper-
ature and becomes quasihydrostatic. As a consequence,
the stress applied to the crystal is slightly anisotropic
(< 0.4 GPa at 50 GPa applied pressure) and the crystal
3distorts [43]. Figure 3 also depicts the observed shift of
the optical ZPL energy, which is also highly linear and
has the gradient 5.75 meV/GPa. This result compares
reasonably to a previous measurement of 5.5 meV/GPa
obtained from high density ensembles of NV− centers in
type Ib diamond using a N2 pressure medium [44]. The
small difference can be attributed to the significantly in-
homogeneously strain broadened optical ZPLs of the high
density ensembles and the different quasihydrostatic be-
havior of N2 pressure media.
(a) (b)
(c)
FIG. 3. (color online) (a) Example NV− ODMR spectra in
the quasihydrostatic NaCl pressure medium. The dashed line
indicates the position of the resonance at ambient pressure.
(b) The pressure shift of the optical ZPL. Solid line is a linear
fit extrapolated to the position of the 532 nm excitation laser.
(c) The measured ODMR splitting parameter D in quasihy-
drostatic (NaCl) and hydrostatic (Ne) pressure media up to
60 GPa. D is taken as the midpoint of the two ODMR peaks
and error bars correspond to the full width of the ODMR
peaks (see Ref. 41 for further details). Inset: the ODMR
spectrum in Ne pressure medium at 60 GPa.
Our hydrostatic pressure ODMR measurements pro-
vided a controlled means to probe the electronic orbitals
of the NV− center. Under hydrostatic pressure, the equi-
librium positions of the nuclei of the lattice contract and
thus, the defect orbitals change. Considering the ground
3A2 level, the change in the defect orbitals corresponds to
the contraction of the unpaired spin density of the level,
which thereby increases the electronic spin-spin interac-
tions and the D parameter. Picturing the defect orbitals
as linear combinations of atomic orbitals [39], the con-
traction of the unpaired spin density maybe seen to have
two aspects: (1) the compression of the nuclear lattice de-
creases the distance between atomic orbitals, and (2) the
compression of the nuclear lattice deepens the localizing
electrostatic potential of the center, thereby modifying
the linear combinations such that the defect orbitals be-
come more localized to the atoms closer to the vacancy.
Elaborating on (2), EPR observations and ab initio calcu-
lations [29–32] indicate that the defect orbitals are combi-
nations of the orbitals of atoms belonging to concentric
shells centered on the vacancy, such that the greatest
contributions are from the three nearest neighbor car-
bon atoms of the vacancy. As pressure is increased, it
is pictured that the contributions of orbitals of the inner
shell atoms increase as the contributions of more distant
shell atoms decrease, thereby resulting in a net shift of
electron probability density towards the vacancy.
This picture can be demonstrated using the molecular
model of the NV− center [33, 34, 46], where the spin-spin
D parameter of the 3A2 level is given by
D = C〈ex(~r1)ey(~r2)| 1
r312
− 3z
2
12
r512
[|ex(~r1)ey(~r2)〉
−|ey(~r1)ex(~r2)〉] (2)
where C = 3µ0g
2
eµ
2
B/16πh is a constant, µ0 is the
permeability of free space, ge is the free electron g-
factor, µB is the Bohr magneton, h is Planck’s constant,
~ri = xi~ˆx + yi~ˆy + zi~ˆz is the position of the i
th electron,
r12 = |~r2−~r1| and z12 = z2− z1. In the molecular model
the defect orbitals of the NV center are approximated by
linear combinations of the dangling sp3 atomic orbitals
(n,c1,c2,c3) of the vacancy’s nearest neighbor nitrogen
and carbon atoms. The defect orbitals ex and ey rele-
vant to the calculation of the 3A2 D parameter take the
form
ex =
√
ηNx(2c1 − c2 − c3) +
√
1− η(. . .)
ey =
√
ηNy(c2 − c3) +
√
1− η(. . .) (3)
where η is the fraction of e orbital probability density
associated with the vacancy’s nearest neighbor carbon
atoms, Nx = [(2〈c1| − 〈c2| − 〈c3|)(2|c1〉− |c2〉− |c3〉)]−1/2
and Ny = [(〈c2|−〈c3|)(|c2〉−|c3〉)]−1/2 are normalization
constants and (. . .) denote the contributions of atomic
orbitals of atoms beyond the vacancy’s nearest neigh-
bors. Using the definitions of ex and ey, considering only
terms involving c1, c2, and c3, applying symmetry oper-
ations and ignoring orbital overlaps, the D parameter is
4approximately
D ≈ Cη2〈c1(~r1)c2(~r2)| 1
r312
− 3z
2
12
r512
|c1(~r1)c2(~r2)〉 (4)
This approximation clearly shows that the dominant con-
tribution to the D parameter is a direct integral between
the dangling sp3 electronic densities of two carbon atoms
surrounding the vacancy. This direct integral is reduced
by the unpaired spin density η centered on the carbon
atoms surrounding the vacancy, which is related to the
localization of the ex and ey orbitals. Interpretations of
EPR studies have estimated η ∼ 0.84 [30].
Under hydrostatic pressure, the nuclear lattice is
isotropically compressed. The normal nuclear displace-
ment coordinateQ = P/γB of hydrostatic compression is
connected to the pressure P via the diamond bulk mod-
ulus B and a geometric factor γ that relates the hydro-
static volume strain to the nuclear displacement. The
linear pressure shift of the D parameter at zero pressure
is then
dD
dP
∣
∣
∣∣
0
≈ C
γB
η2
∣
∣
0
d
dQ
〈 1
r312
− 3z
2
12
r512
〉
∣
∣
∣∣
0
+
C
γB
dη2
dQ
∣
∣
∣
∣
0
〈 1
r312
− 3z
2
12
r512
〉
∣
∣
∣
∣
0
(5)
where 〈 1
r3
12
− 3z212
r5
12
〉 = 〈c1(~r1)c2(~r2)| 1r3
12
− 3z212
r5
12
|c1(~r1)c2(~r2)〉.
As pictured, the first line accounts for the displacements
of the atomic orbitals of the carbon atoms surrounding
the vacancy, whereas the second line accounts for the
change in the unpaired spin density η centred on the
carbon atoms.
Due to the approximate nature of the above expres-
sion and the difficulty of the direct integrals, we instead
considered a semi-classical model of the pressure shift,
which yielded the following estimate of the shift due to
the displacement of the atomic orbitals (refer to Ref. 41
for further details)
C
γB
η2
∣
∣
0
d
dQ
〈 1
r312
− 3z
2
12
r512
〉
∣
∣
∣
∣
0
≈ 6.2 MHz/GPa (6)
This compares favourably to the observed ∼ 15
MHz/GPa shift. Based upon this estimate, the change
in the unpaired spin density maybe inferred
dη
dP
∣
∣
∣
∣
0
=
1
γB
dη
dQ
∣
∣
∣
∣
0
≈ 0.0012 GPa−1 (7)
which corresponds to an entirely reasonable ∼ 0.1%
GPa−1 change in the spin density. Clearly, ab initio cal-
culations are required to provide a much more accurate
model of the spin density variation with pressure. Fur-
ther experimental observations of the spin density can
be achieved via the pressure shifts of the NV− hyperfine
interactions with local 13C nuclear spins, which directly
depend on the spin density at the 13C nuclei [39].
Analogous to previous estimates of the field and ther-
mal sensitivities of the NV− ODMR, the estimated
ODMR pressure sensitivity of a single NV− center at
room temperature is [18]
ηgs =
1
2π dD(P )dP K
√
T ∗2
∼ 0.6 MPa/
√
Hz (8)
where K accounts for experimental factors such as col-
lection efficiency. Note that the typical single center
room temperature values K ∼ 0.02 and T ∗2 ∼ 1 µs
were used in the above estimate. Although the pres-
sure shift of the optical ZPL is much larger than the
ODMR, the large homogeneous broadening of the opti-
cal ZPL at room temperature and beyond [47] ensures
that the optical pressure sensitivity is significantly worse
than the ODMR sensitivity. However, in the low temper-
ature limit (T <∼ 12 K), where narrow optical lines (∼ 140
MHz) of engineered NV− centers can be obtained [48],
the optical sensitivity achieves ηop ≈ 68 Pa/
√
Hz.
We now consider the performance of the current NV−
metrology applications under different conditions. The
estimated pressure sensitivity of the NV− ODMR implies
that changes in pressure of ∼ 1 MPa can be detected af-
ter one second of averaging time. As the majority of
current proposals for NV− magnetometry and electrom-
etry are targeted at ambient conditions, where pressure
fluctuations of the order of ∼ 1 MPa are very unlikely to
occur over timescales of a second, the pressure sensitiv-
ity of the NV− ODMR will not influence the performance
of these current proposals. Even up to pressures of ∼ 50
GPa, which are relevant to studies of high pressure super-
conductivity and magnetic phase transitions using DACs
[22–28], the pressure fluctuations can be controlled to less
than ∼ 10 kPa on timescales of seconds (estimated based
on resistance changes at the insulator-metal transition
[49]). Hence, the observed hydrostatic pressure shift im-
plies that the current proposals of NV− magnetometry
and electrometry will retain much of their sensitivity in
the extremes of pressure.
Furthermore, the NV− ODMR offers a more sensitive
means to measure high pressure than existing techniques.
As employed in this work, the current technique of choice
utilizes the optical transitions of ruby and has a typical
accuracy of ∼ 10 MPa [43]. The NV− center’s pressure
sensitivity, its possible inclusion with the sample in the
DAC and its capability to switch to magnetometry or
electrometry modes (assuming pressure fluctuations are
controlled to < 1 MPa on the timescale of seconds) un-
doubtedly make the NV− center the ideal probe for high
pressure phenomena. One possible design is depicted in
figure 2(b), where a thin diamond chip containing an
array or ensemble of NV− centers is placed on top of
a high pressure superconductor sample inside the DAC.
Employing existing techniques of wide field NV− mag-
netometry [50], the NV− array can be switched between
5pressure and stress [51] sensing and magnetometry, offer-
ing an unprecedented means to monitor the pressure and
image the magnetic phenomena occurring at the surface
of the high pressure superconductor.
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